The enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase (HMG-R) is the major ratelimiting enzyme of the mevalonate pathway in many organisms, including yeasts. In the yeast Saccharomyces cerevisiae, there are two isoenzymes of HMG-R (Hmg1p and Hmg2p). Both consist of an anchoring transmembrane domain and a catalytic domain. We have removed the known controlling features of HMG-R by overproducing the catalytic domain of Hmg1p. This overproduction leads to an enhancement of squalene production, implying that HMG-R has been deregulated. The enhancement is apparent under semianaerobic and aerobic conditions. Despite the increase in squalene production, the amount of ergosterol produced by the HMG-R-overproducing yeast was not increased. This result suggests the presence of another regulatory step between squalene and ergosterol formation. Squalene levels generated by cells overproducing the catalytic domain of HMG-R were estimated to be up to 10 times those produced by wild-type cells. The enhancement in squalene production coincided with a reduction in growth rate. This reduction may be a direct consequence of the buildup of high concentrations of squalene and presqualene intermediates of the pathway.
The mevalonate pathway is responsible for the production of a huge array of substances in numerous organisms. In Saccharomyces cerevisiae the pathway is responsible for the formation of many compounds, including ubiquinone, dolicol, and ergosterol ( Fig. 1) . Squalene (an intermediate of ergosterol synthesis) and its derivative squalane are valuable compounds used in the cosmetic, pharmaceutical, and lubricant industries. Squalene rarely accumulates in nature, the notable exception being in deep-sea shark's liver, which has traditionally been used as the raw material for squalene production. Therefore, an alternative to this expensive and environmentally sensitive source would be highly desirable. Ergosterol synthesis can occur only in the presence of oxygen; under anaerobic conditions, yeast is unable to synthesize ergosterol and squalene accumulates. However, ergosterol is essential for cell viability (12) , and therefore in anaerobically incubated cultures cell growth slows and eventually ceases. Under aerobic conditions, where rapid growth is possible, squalene is quickly converted to ergosterol (11) . An accumulation of squalene, under aerobic conditions, might be achieved by increasing the rate of flow through the early part of the mevalonate pathway, which might itself be accomplished by increasing the specific activity of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase (HMG-R). Aerobically growing yeast cultures with enhanced HMG-R activity may produce industrially significant amounts of squalene, and examination of the biochemistries of these yeasts may further our knowledge of the regulation of the mevalonate pathway.
HMG-R is the key controlling enzyme in the mevalonate pathway (reviewed in reference 7). Two isoforms of HMG-R, Hmg1p and Hmg2p (encoded by the genes HMG1 and HMG2), exist in S. cerevisiae (1) . Activity is regulated by numerous mechanisms: these include regulation of transcription (18) , regulation of translation (5), and degradation of HMG-R in the endoplasmic reticulum (8) . We hypothesized that by removing the DNA sequences necessary for these regulatory mechanisms, it may be possible to increase HMG-R activity and hence increase the rate of flow through the pathway. To test this hypothesis, we overexpressed the DNA sequence encoding the catalytic domain of Hmg1p (henceforth known as HMG1-CAT) in S. cerevisiae. We used the incorporation of [1-14 C]acetate into lipids followed by thin-layer chromatography (TLC) to study the effect of this overexpression on squalene and ergosterol production.
MATERIALS AND METHODS
Materials. Squalene, ergosterol, HMG-CoA, NADPH, phenol-chloroformisoamyl alcohol, ampicillin, and glass beads (diameter, 0.5 mm) were purchased from Sigma-Aldrich Co. Ltd. (Poole, Dorset, United Kingdom). [1- 14 C]sodium acetate (specific activity, 59 mCi/mmol) and [␣- 32 P]dCTP (specific activity, Ͼ3,000 Ci/mmol) were purchased from ICN Radiochemicals (Irvine, Calif.). TLC plates (silica gel, 60 F 254 ) were obtained from Merck (Darmstadt, Germany). A Ready-to-go DNA labeling kit was supplied by Pharmacia (Uppsala, Sweden).
Plasmid construction. Plasmid pRH127-3 contains a truncated HMG1 coding region (HMG1-CAT) encoding a soluble version of Hmg1p that includes only the linker and catalytic domain (Hmg1p cat ). The truncated coding region has an engineered Met start codon followed by two Ala codons and then continues with the natural coding region from codon 531 (Asp) to the natural stop codon. The truncated coding region was prepared from pRH102-1, which has the HMG1 coding region cloned into Bluescript II KS (ϩ) such that the polylinker BamHI site is 5Ј to the natural start codon. A 1.5-kb BamHI/PstI fragment from pRH102-1 was removed from the plasmid. A synthetic double-stranded linker with PstI and BamHI sticky ends and the desired start codon was then cloned into the plasmid sites, creating plasmid pRH127f, with a new in-frame start codon at the beginning of the HMG1 coding region that encodes the linker domain. The double-stranded linker was prepared by annealing the following two synthetic oligonuleotides: 5Ј-GATCCATGGCTGCA-3Ј and 5Ј-GCCATG-3Ј. Finally, pRH127-3 was prepared by cloning a 2-kb BamHI/SalI fragment of pRH127f into the BamHI and SalI sites of pRH98-3. The 2m-based expression vector pRH98-3 was constructed in exactly the same manner as pRH98-2 (8), except the 2m-based Yplac195 vector, as opposed to the autonomously replicating sequence-centromere Yplac211 vector, was used in the preparation of pRH98-3.
These manipulations placed HMG1-CAT next to the glyceraldehyde-3-phosphate dehydrogenase promoter in a high-copy-number shuttle vector to allow highlevel expression.
The plasmid pEMBLyex4 (kindly supplied by Jim Murray, Biotechnology Institute, Cambridge, United Kingdom) is a yeast shuttle vector (14) , used only as a control in this report.
Strains and media. Both yeast strains described here were generated from AY926 (MAT␣ ade2-1 his3-11 leu2-3,112 trp1-1 ura3-1 can1-100 ssd1-d2 gal ϩ ). Strain AY127 was generated by transforming AY926 with pRH127-3. Strain AYEMB was produced by transforming AY926 with pEMBLyex4. AYEMB was used as a nonoverproducing control that could grow in the same medium as AY127.
Yeasts were transformed by the dimethyl sulfoxide-enhanced lithium acetate method (9) . All yeast strains were grown in yeast minimal (YM) medium with rotary aeration at 30°C unless otherwise stated. YM medium contained 2% glucose and 0.67% yeast nitrogen base (without amino acids) and was supplemented with adenine (40 g/ml), histidine (20 g/ml), leucine (60 g/ml), and tryptophan (40 g/ml).
All bacterial work was performed with XL1-Blue (Stratagene, La Jolla, Calif.) as a host. Bacteria were grown in Luria-Bertani broth supplemented with 60 g of ampicillin per ml where appropriate.
RNA analysis. Total RNAs were extracted from yeast cells by vortexing the cells with glass beads followed by phenol-chloroform extraction, according to the method of Carlson and Botstein (4). Total RNAs were analyzed by gel transfer hybridization analysis according to the Hybond-N Northern blotting protocol (Amersham International, Little Chalfont, Buckinghamshire, United Kingdom).
The DNA probe used to detect HMG1 mRNA species by Northern blotting was a 500-bp HindIII fragment from HMG1-CAT. The fragment was labeled with 50 Ci of [␣-32 P]dCTP according to the Ready-to-go DNA labeling kit (Pharmacia) instructions.
Extraction of nonsaponifiable lipids. Cells were grown in YM medium to an A 600 of approximately 1.2 before being resuspended to a density of between A 600 0.8 to 1 in fresh YM medium. Following a brief period of growth (30 to 60 min), labeling was initiated by the addition of 5 Ci of [1- 14 C]acetate to cell suspensions. For semianaerobic growth, 1 ml of cells was placed in a 1.5-ml tube at 30°C without shaking. For aerobic growth, 1 ml of cells was placed in a 50-ml tube at 30°C with vigorous shaking. Lipids were extracted from yeast cells by an adaption of the alkaline saponification method (16), essentially as described by Hampton and Rine (8) with the exception that all volumes were halved.
Squalene and ergosterol estimations. Extracted lipids were analyzed by TLC and autoradiography. Lipids were dried under nitrogen and then resuspended in hexane. After lipids were spotted on a TLC plate, the plate was developed in chloroform. Ergosterol and squalene were located on the plate by the migration of standards and by the positions of bands on autoradiograms. The appropriate bands were removed by scraping, and disintigrations per minute were established by the use of a liquid scintillation analyzer (Packard Instrument Co., Meriden, Conn.).
Preparation of cell extract. Cell cultures (10 ml) were grown to an A 600 of approximately 1 in YM medium. Cell extracts were made according to the method of Thorsness et al. (18) . Cells were washed twice in 50 mM Tris-HCl (pH 7.5) and then transferred to a 1.5-ml tube. An equal volume of Tris-HCl was then added to the cell pellet, as were 2 volumes of glass beads. The cell suspension was vortexed for five 1-min periods and placed on ice for 1 min between each vortex. The supernatant was then transferred to a separate tube, and the glass beads were washed with 2 volumes of Tris-HCl. The supernatants were combined and centrifuged at 6,000 rpm in an MSE Microcentaur. The supernatant from this centrifugation step was used for assays.
HMG-CoA-R assay. HMG-CoA-R activity was estimated by measuring the change in A 340 of samples following the addition of cell extract to cuvettes containing HMG-CoA and NADPH, a procedure adapted from Bischoff and Rodwell (2) . To a 380-l volume of a solution containing 50 mM Tris-HCl (pH 7.5), 5 l of NADPH (10 mM), and 5 l of HMG-CoA (10 mM), 10 l of cell extract was added. The starting point for measurement was the addition of cell extract, and the change in absorbance was recorded over a period of 1 min. The protein content of the cell extract was estimated by the method of Bradford (3) with bovine serum albumin as a standard.
RESULTS AND DISCUSSION
The effects of overexpressing HMG1-CAT in S. cerevisiae were studied in terms of mRNA levels, HMG-R activity, and incorporation of radiolabeled acetate into squalene and ergosterol.
Total mRNAs from both AYEMB and AY127 early-stationary-phase cultures were probed with a 500-bp HindIII fragment located in HMG1-CAT. This probe will hybridize to HMG1-CAT transcripts of approximately 1.5 kb and to HMG1 transcripts of approximately 3 kb. A strong mRNA signal was detected in the Hmg1p cat -overproducing strain, AY127, at approximately 1.5 kb, but no mRNA species were detected in the control strain, AYEMB (Fig. 2a) . This result suggests that the level of HMG1-CAT mRNA in AY127 is significantly higher than the level of HMG1 mRNA in either AY127 or AYEMB.
HMG-R activity was assayed by testing the ability of crude cell extracts to oxidize NADPH in the presence of HMG-CoA. HMG-R catalyzes the reduction of the thioester group of HMG-CoA in an NADPH-dependent, four-electron reduction, which yields mevalonate. Assaying HMG-R activity from cultures grown under aerobic and semianaerobic conditions revealed that the AY127 (Hmg1p cat overproducer) extract had approximately 20 times the activity of the AYEMB (control) extract ( Fig. 2b ; the figure shows the result of aerobic growth, but semianaerobic growth produced the same difference in activity). This result correlates well with the mRNA levels and demonstrates that the normally tight regulation of HMG-R activity has been overcome by overproduction of the catalytic domain of HMG-R.
TLC studies of radiolabeled, nonsaponifiable lipids demonstrated that AY127 consistently produced more squalene than AYEMB, while producing similar amounts of ergosterol. This increase in squalene was observed under semianaerobic and aerobic conditions (Fig. 3) . Low-oxygen tension might explain the accumulation of squalene under semianaerobic conditions, as oxygen is required for the epoxidation of squalene and the activation of squalene epoxidase (10) . However, under aerobic conditions, where oxygen should not be limiting, squalene would not normally accumulate. This result suggests that in the Hmg1p cat overproducer, AY127, one or a number of enzymes of the mevalonate pathway are subject to feedback inhibition and that this regulation may cause the accumulation of squalene. Several studies have demonstrated that certain enzymes of the mevalonate pathway are sensitive to ergosterol concentrations in the cell. M'Baya et al. have shown that both squalene epoxidase and squalene synthetase activity are inhibited by the presence of excess sterols (13) . Those authors hypoth- esized that the regulation took place at the level of transcription, as neither enzyme was inhibited by ergosterol in vitro. Dimster-Denk and Rine demonstrated that acetoacyl-CoA thiolase, the first enzyme of the pathway, is regulated at the level of transcription (6) . The signal for regulation was found to be a sterol. Ergosterol has recently been identified as the effector molecule in the regulation of transcription of one of the late enzymes of the mevalonate pathway, C-5 sterol desaturase (encoded by the ERG3 gene). Smith et al. showed that the absence of ergosterol increased the transcription level of ERG3 35-fold (17) .
Our results, as well as those described above, indicate that the mevalonate pathway is very sensitive to changes in the level of ergosterol within a yeast cell. It seems likely that at a critical concentration of ergosterol, many of the post-branch-point enzymes of the pathway are repressed. With this in mind, we propose the following model for squalene accumulation in yeast cells that overproduce the catalytic domain of Hmg1p. The presence of high levels of HMG-R activity leads to increases in the rate of flow through the pathway. When ergosterol concentrations reach a certain level in the cell, squalene epoxidase activity is repressed and squalene accumulates. In the AY127 yeast, the level of ergosterol is consistently high due to the strong constitutive promoter that controls HMG1-CAT expression. When [1- 14 C]acetate is added to the cell culture, AY127 cells can convert it to squalene at a higher rate than AYEMB cells can. Under semianaerobic conditions, oxygen is limiting and squalene is accumulated in both types of cell (Fig.  3) . The squalene accumulation is accentuated in AY127 cells because they have higher levels of HMG-R activity. AY127 cells also form a smaller amount of ergosterol than AYEMB, possibly as a result of the buildup of toxic levels of squalene and presqualene compounds that inhibit flux through the later steps of the mevalonate pathway (see below). Under aerobic conditions, new cell growth and a good supply of oxygen allow the synthesis of larger amounts of ergosterol (Fig. 3) . Despite this increase in ergosterol formation, AY127 cells accumulate squalene to levels similar to those accumulated under semiaaerobic conditions (based on scintillation counting). As mentioned above, the similar levels of squalene formed under both aerobic and semianaerobic conditions may be due to ergosterol reaching levels which cause feedback inhibition of squalene epoxidase. The buildup of squalene may be accompanied by the accumulation of precursors of squalene. This feedback regulation may be particularly true of farnesyldiphosphate accumulation, since the enzyme converting it into squalene (squalene synthetase) has also been shown to be sensitive to levels of ergosterol (13) .
This model might also explain another phenomenon of the Hmg1p cat overproducer: AY127 consistently grows more slow-
The effect of the overexpression of HMG1-CAT and the consequent overproduction of the catalytic domain of Hmg1p on mRNA and HMG-R activity. Crude cell extract and mRNA were isolated from Hmg1p cat -overproducing (AY127) and wild-type (AYEMB) yeasts. Two micrograms of total mRNA was loaded into an agarose-formaldehyde gel for Northern blot analysis. Following hybridization, HMG1 species were detected with a 500-bp DNA probe from the catalytic domain region (a). A hybridization control was carried out with the yeast ACT1 gene. The ACT1 transcript was present in equal amounts in total RNAs isolated from both strains (data not shown). HMG-R activity was estimated by the reduction in A 340 accompanying the oxidation of NADPH (b). Error bars represent Ϯ 1 standard deviation, which was calculated from four repeat experiments. The units (i) are for A 340 . FIG. 3 . Effects of overproduction of the catalytic domain of Hmg1p on squalene and ergosterol levels. Nonsaponifiable lipids were extracted from Hmg1p catoverproducing (AY127) and wild-type (AYEMB) yeasts. The extraction was carried out after growth under conditions without shaking (semianaerobic) and with vigorous shaking (aerobic). Incorporation of [
14 C]acetate into nonsaponifiable lipids was detected by autoradiography of TLC plates, and the bands corresponding to squalene and ergosterol were removed for scintillation counting. The results are the averages of three independent experiments. ly than AYEMB. One possible reason for this slower growth is that squalene, or one of the precursors of squalene (such as farnesyldiphosphate), is cytotoxic. Thus, when these compounds accumulate in large amounts in AY127, they lower the cell growth rate. We are currently investigating the effect of preventing the buildup of squalene in these cells by the use of inhibitors of HMG-R and of a promoter weaker than the glyceraldehyde-3-phosphate dehydrogenase promoter to express HMG-CAT1.
Experiments examining unlabeled nonsaponifiable lipids revealed similar patterns of distribution of squalene and ergosterol in AY127 and AYEMB growing under highly aerobic conditions (results not shown). Equal amounts of cells produced equal amounts of ergosterol, but squalene levels were higher in AY127. We estimate levels of squalene in the Hmg1p cat -overproducing yeast to be approximately 20 mg/g of dry cells. With a controllable promoter and limited aerobic conditions, it should be possible to develop a fermentation system that would allow industrially significant amounts of squalene to be produced.
